Ultrahigh sensitivity of slow— light gyroscope 
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Slow light generated by Electromagnetically Induced Transparency is extremely susceptible with 
respect to Doppler detuning. Consequently, slow-light gyroscopes should have ultrahigh sensitivity. 
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In recent experiments |I| light has been slowed down 
dramatically to just a few meters per second. Traveling 
at this incredibly low speed, light is sensitive enough to 
serve in detections of subtle motion effects such as the 
optical Aharonov-Bohm effect of quantum fluids |J. A 
moving medium is able to drag light, and this dragging 
phenomenon gives rise to the sensitivity with respect to 
motion. Analyzed more carefully g-|§, a moving medium 
appears as an effective change of the space-time metric 
(as an effective gravitational field). When the medium 
outruns the light traveling inside, suitable flows may ap- 
pear as optical black holes 0]. Apart from detecting 
quantum flows and from creating artificial black holes, 
is there a practical application for the incredible motion 
sensitivity of slow light? 

Optical gyroscopes are regularly employed to sense mo- 
tion. What would be the advantage of a slow-light gyro- 
scope? How do passive dielectric gyroscopes work? Imag- 
ine for simplicity a solid block of uniform dielectric ma- 
terial that is rotating at angular velocity ^Iq. (In a real 
fiber-gyroscope light travels in a multitude of coils, for 
enhancing the effect.) We assign cylindrical coordinates 
to the block where the z direction coincides with the ro- 
tation axis. First, assume an essentially non-dispersive 
material such as glass that is characterized by the re- 
fractive index n. In this material, light experiences the 
space-time metric pi 



ds 2 = 



+ 2an rdtd(p - dr 2 - r 2 dtp 2 - dz 2 (f) 



in the limit of low rotation velocities fio r compared with 
the speed of light in vacuum, c. Fresnel's dragging coef- 
ficient, 



a = I \ 



(2) 



quantifies the degree to which light is forced to move 
along with the medium. Clearly, a vanishes in the ab- 
sence of a medium (n = 1) and a approaches unity in the 
limit of a very strong medium (n — > oo). Now, imagine 
that the block of dielectric material is at rest and instead 
of the medium the laboratory frame is rotating at angu- 
lar velocity f2. We obtain from the space-time metric of 
light in the medium frame, 



the metric in the rotating laboratory frame by the simple 
transformation 



nt 



(4) 



To leading order in Qr/c the transformed metric (^) co- 
incides with the metric ([!]) of light in the rotating block 
if we put 



Q = a Qq 



(5) 



A rotating dielectric and a dielectric in a rotating frame 
are practically equivalent, yet they appear to rotate at 
different angular velocities. Fresnel's dragging coefficient 
(||) quantifies the ratio between the actual and the ap- 
parent angular velocity of the rotating dielectric body, Qq 
and f2, respectively. The coefficient a characterizes the 
degree to which light follows the actual rotation and, con- 
sequently, the degree to which rotation can be detected 
by optical interference. 

Slow light jjj has been generated using Electromag- 
netically Induced Transparency (EIT) II. EIT takes ad- 
vantage of a quantum-interference effect in multi level 
atoms, bought about by dressing the atoms with the light 
of an appropriate auxiliary beam. A probe beam at reso- 
nance frequency can travel though the EIT medium that 
would be totally opaque without the assistance of the 
auxiliary light. Exactly on resonance a continuous probe 
wave travels at a phase velocity of c, i.e. the medium 
has a refractive index of unity. On the other hand, the 
EIT resonance is very sharp and is ultrasensitive with 
respect to frequency detuning. An EIT medium is thus 
extremely dispersive and, in turn, short light pulses hav- 
ing an extended spectrum travel at a very low group ve- 
locity v g . Another aspect of the extreme dispersion of an 
EIT medium is the ultrasensitivity with respect to the 
Doppler detuning due to motion. 

So, what happens if we replace the rotating block of 
non-dispersive material by an EIT medium of extreme 
dispersion? How large is the dragging coefficient? Let us 
determine the space-time line element, 



ds 2 = g^ v dx^ dx v , dx 11 — (cdt,dx) 



(6) 



ds 2 = 



dr 2 - r 2 dtp' 2 - dz 2 



(3) 



i.e. the covariant metric tensor g^ u 

contravariant metric of slow light || , g^ v , to lowest order 
in the ratio between the medium velocity and the velocity 



For this we invert the 



1 



of light, c. In the limit of slow rotations, the line element 
turns out to have the same structure as the metric (|l|) of 
non-dispersive media with, however, a refractive index 
of unity and a modified dragging coefficient of 



Compared with passive dielectric gyroscopes, a slow light 
gyroscope operated with light of a modest group velocity 
of kilometers per second increases the rotation sensitiv- 
ity by five orders of magnitude, and an ambitious group 
velocity of meters per second amounts to a fantastic im- 
provement by eight orders of magnitude. Of course, for 
this one would need to create slow light in a solid block of 
material in order to attach the gyroscope to the rotating 
body one is interested in. Solid-state media tend to de- 
stroy the quantum-interference conditions of EIT much 
more rapidly than gases or Bose-Einstein condensates [Q . 
However, first demonstrations of EIT in solids have been 
already reported and an interesting proposal of EIT in 
semiconducters has been recently published Q . It would 
be desirable to demonstrate unambiguously slow light in 
solids, stimulated perhaps by the potential advantage of 
slow light gyroscopes: ultrahigh motion sensitivity. 
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